Introduction
Polymer composites such as glass fiber reinforced However, long fibers are known to be more useful than short fibers to raise composites' stiffness and strength.
To take advantage of long fibers, one of the authors has evaluated mechanical properties of green composites reinforced by curaua fiber slivers through three kinds of fabrication methods. 5) In general, the morphology of slivers is a wavy shape, 7) so that fluctuation in the fiber orientation were fabricated using compression molding and the axial tensile tests were conducted. The concept of autocorrelation was adopted as a stochastic parameter to express the morphology of the fluctuation, and a relation between the tensile strength and the parameter was explored. Furthermore, the Young's modulus of the composites was analyzed based on classical lamination theory, which has never been applied for sliver-based green composites, and compared with the experimental results. Finally, we predicted the Young's modulus through an orthotropic analysis based on a statistical disNatural fibers are usually used as reinforcement in green composites. Especially, the use of slivers of natural fibers is anticipated for increasing composites' stiffness and strength. However the slivers have various fiber orientation angles and often involve fiber fluctuation. This paper describes effects of fiber orientation angle and fluctuation on Young's modulus and tensile strength of the so-called fully green composites. The composites were reinforced with slivers of high-strength natural fibers extracted from curaua plants. For this study, a fabrication method called 'direct method' was applied for obtaining sliver-based green composites with various fiber orientation angles and fluctuation. Then optical micrographs of composites with fiber fluctuation were obtained. After the micrographs were divided into many fine segments, the fiber orientation angle in each segment was measured. Results show that the tensile strength depends on autocorrelation coefficients expressing the degree of fluctuation in fiber orientation, as well as the fiber orientation angles. However, the Young's modulus was dependent only on the angles. Furthermore, the Young's modulus of the composites was predicted using classical lamination theory. In addition, a statistical concept was applied to an orthotropic analysis for prediction of the Young's modulus. The predicted Young's moduli showed better agreement with the experimental results, than that of the predicted values based on a definite orthotropic theory. Figure 2 shows the measurement method used for the fiber orientation angles in the sliver-based composites.
3 Angle measurements
The specimen photograph on the gage length was divided into a "unit composite" with short length of Δ x, as shown in Fig. 2 (a). One unit composite can also be divided into short width of Δ y along the transverse direction, on segment sizes more than 1.0mm × 1.0mm, because of Table 1 Properties of the fibers and matrix. Fig. 1 As-supplied slivers of curaua fibers.
the fiber waviness, while the angle was relatively easy to be decided in the case of equal to or less than 1.0mm × 1.0mm. As shown in Fig. 2 (b) , however, all segments are not necessarily observed as a single orientation at 1.0mm × 1.0mm, but different orientations were sometimes observed in the same segment. In this case, the segment area more than 70% is occupied by an identical angle θ, as shown in the shaded portion, and may be represented by this angle. In this study, 70% of the segment area was defined as a base area for measuring the angle, and in the case of less than 70%, the average of θ and θ ' was used as a representative angle. The segment size was thus set as 1.0mm × 1.0mm. This model comprises 750segments, i.e., 50segments along the x-axis and 15 segments along the y-axis.
Results and Discussion

1 Angle measurement and stochastic properties of fiber orientation
The frequencies of two representative angle distributions are shown in Fig. 3 . As shown in this figure, measured angles tend to be distributed around zero degree, but one distribution denoted as Sample 1 is narrower in width than another distribution denoted as Sample 2.
Such distribution patterns may be regarded as the nature of a curaua sliver. On the other hand, as mentioned later, anisotropy of fibrous composites is decided through absolute values of the angles, irrespective of positive or negative angles. Thus, measured fiber orientation angles are hereinafter shown in absolute value.
In Table 2 , the results of angle measurements of both sides of the specimens are presented. In this Table 2 Fiber orientation angles and mechanical properties of green composites reinforced slivers of curaua fibers. show that the angles vary from 7.5°to 21.5°in average, and from 4.52°to 11.0°in standard deviation. In addition, Comparison of these two maps shows a lighter aspect in Table 2 . Results show that the average a.c.c.
(denoted as a.a.c.c.) is 0.04 to 0.37.
2 Effects of fiber orientation angle and fluctuation on Young's modulus and tensile strength
Tensile test results of sliver-based green composites fabricated by PS and DM are added to 
3 Estimation of Young's modulus
According to Hisao & Daniel, 14) the morphology of the carbon fiber orientation was modeled as a wavy shape ; the composite stiffness was analyzed using their proposed model. According to this model, the composite was divided similarly into unit composites and segments, as shown in Fig. 2 . Furthermore, classical lamination theory was applied by regarding the unit composite structure as a laminate. In this study also, the stiffness of unit composite structure was analyzed in the same way, but the model used in this study is different in a point that transformed reduced stiffness matrix used in the analysis is given through the experimentally obtained angle on each segment. The detailed analytical method is described in Appendix.
Young's moduli of the composites were analyzed from the lamination model mentioned in Appendix using the following constants. E1 = 36.0GPa, E2 = 3.57GPa, G12 = 1.78 or 2.85GPa, ν12 = 0.40
Therein, E1 was the value obtained from PS composites, E2 was calculated using the rule of mixture ; in the case of G12, this was selected as 0.5−0.8 times 12), 14) lower than E2. The value of ν12 is often used for unidirectional fiber composites. The analytical results are added in Table 2 . Results show that the Young's moduli are quite higher than those obtained in the experiments in all cases, meaning that usual lamination theory cannot well predict the Young's modulus of sliver-based green composites. It might be considered that classical lamination theory was strongly restricted in in-plane deformation.
15)
Therefore, we propose a simple concept for estimation of Young's modulus of the green composites. As shown in Figs. 7 (a) and 7 (b), the Young's moduli of sliverbased green composites were determined solely using the fiber orientation angle, independently of the degree of fluctuation in fiber orientation. Therefore, a simple orthotropic theory might be applied, given as :
Where, Eθ is the Young's modulus of an orthotropic body with angle θ. Young's modulus of each segment varies depending on angle θ, of which the distribution was measured preliminarily for each specimen, as seen in Table 2 .
An expected Young's modulus − E might be defined as shown below. GPa in Fig. 8 (a) because of shear modulus sensitivity.
Therefore, we conclude that the proposed statistical estimation method using Eq. (4) is quite effective for prediction of Young's modulus of sliver-based green composites.
Conclusions
This paper deals with effects of fiber orientation angles and fluctuation on the stiffness and strength of sliver-based green composites. The optical micrographs of the composites were divided into many fine segments. Then the fiber orientation angle was measured for each segment. Furthermore, the relation between tensile 
where Ei, Gij and νij (i, j = 1, 2) are the Young's modulus, the shear modulus, and the Poisson's ratio, respectively.
The laminated structure of a unit composite is given from coordinate system, as shown in 
